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AIJSTRACT

In rcccnt years following several spacecraft battery anomalies, it was dctcrmincd that
managing the operational factors of NASA flight NiCd rechargeable battery was very
important in order to maintain space flight bat[cry nominal performance. “1’hc
optimization of existing flight battery operational performance was viewed as scnncthing
ncw for a ‘1’aguchi Methods application. Ncvcrthclcss,  for this experiment, a mc)dificd
1,16 orthogonal array was sclcctcd  with five operational factors at four levels. l;ach
cxpcrimcnt  run consisted of sixty charge-discharge cycling at the selected operational

. lCVCIS.  The designed cxpcrimcnt of the 1.16 partial factorial performance lasted nine
weeks. A fllll factorial would have lasted over clcvcn years. Also, the continuation trial
proved to indicate over 96% improvement of nominal battcly  performance as compared
to the performance at the initial best-thought operational levels. “1’hc  cost savings was
estimated at over 400°/0, while cxpcrimcntation  tirnc saving was estimated at over 3 OOO/O.

]. INTRODUCTION

Nickel cadmium rechargeable batteries arc currently used for an entire class of NASA
observatory spacecraft including GRO, LJARS, EWE and TOI)EX/I)oscidon.
Oj)timum  levels of on-board spacecraft battery operation performance were
dctcrmincd  to extend the life of these batteries and thus the life of NASA spacecraft.
in rcccnt years, several spacecra!l  NiCd battery anomalies occurred that drastically
affcctcd spacecraft Iifc. This prompted NASA to call upon JP1. to initiate studies and
analysis in order to establish an operation tnanagcmcnt protocol for these batteries.

l“hc evaluation, qualification and operation managctncnt  of secondary batteries for
NASA space vchiclcs is an involved and very lengthy process. “1’here arc nlally
variables and lCVCIS of each variable which affect the overall reliability and
performance of batteries. I{ccllargcablc  batt cry performance cvaluat  ion requires tens
or even hundreds of cycles, “1’csting for the performance effects of these parameters
could bc a never ending task.
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NASA was’ concerned about the pcrfornlancc  of the existing on-board batteries. “1’hc
challcngc  faced was to design a protocol for battery operation process for life
performance optimization in the shortcs[ time possible with minimum cost while
significantly improving battery performance. At first, since this was not viewed as a
classical product or manufacturing process design optimization, no relation was seen
to I)r. Genichi  loguchi’s Methods of Robust Design. Nevertheless, at a closer look,
it became obvious that the optimization of an operation process, in this case a
rcchargcablc battery operation, is no different than optimizing any process.

A team of battery experts was formed at JPI. to perform a study of battery operation
optimization using the old methods.

13ascd on practical cxpcricncc,  it was dctwmincd that controlling the rcchargc fraction
of flight batteries in operation was important to maintain nominal performance. “I-he
rcchargc fraction is one of the parameters used to detctminc battery overcharge. l-he
recharge fraction is normally derived on an orbit basis and there arc several operating
factors that influence it. The factors influencing the rcchargc  fraction arc:

1. Charge current during peak power tracking (Peak charge current)
2. J3attery depth-of-disc}largc
3. Operating tcmpcraturc
4. Orbit duration
5, V~I’ level of charging

Dcst thought cxpcrimcnts  were performed where. the above five factors were set at
estimated levels. Aflcr over a year, a best thought battery operation performance was
established. Figure 1 describes the ccl I voltage divergence profi lc optimization using
the old method.

After anal yzing  the battery performance of E’igurc 1, it was soon realized that the best
thought battery operation management was far from an ideal functional performance
as shown in Pigurc  2. A more quantifiable cxpcrimcntation  and analysis for furlhcr
battery operation optimization was nccdcd.

I’ARAMETER  III ISIGN IiX1’1;RIMl;N’1’AI  . APPROAC1 1

In performing battery operation management optimization in the past, JPI. has used
the classical approach to cxpcrimcntation  which is to modify one parameter and keep
the rest of the parameters fixed. Most often, this old method requires considcrab]e
t imc and rcsourccs  in order to attain an acceptable pcrfor mancc.
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Figure 1. Voltage profile  prior to applying Robust Iksign
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P’or these reasons, designed cxpcritncntation  was considered next. Iiach of the five
previous] y considered factors was selected to perform at four different levels as listed
below.

FACTORS
1. Peak Charge  Current (A):
2. 1)01) (%):
~. Temperature (°C):
4. Orbit Duration (rein):
5. Vrl” level:

I. ICVEIS
12J4

10 20 30 40
5 10 15 25
0 5 10 15

90 100 110 120
2345

in this particular case, a full factorial with five factors at four levels would have
required 1024 experiments. Since each experiment is nccdcd to be performed at the
given  levels for 60 cycles (approximately four days), a total of 4096 days or 11.2
years of cxpcrirncntation  would have bcc.n required, had this approach been taken, It
was very obvious (hat it was not very cost effective for NASA to allow for over 11
years of experimentation to obtain the data and establish the optimum operation
performance of these batteries.

Novel battery management techniques had to be implemented to quickly recover
space ft ight battery performance. l~or this reason a NASA battery tcstbcd  was
established to systematically evaluate various battery nlanagcmcnt  techniques.

This was the time when I“aguchi Methods of Robust Design were first considered in
order to improve battery li fc by optimizing bat tcry operation process. To quick] y
dctcrminc which of the above factors nc.cdcd to be operated at what levels  and to
influence the battery recharge fraction the most, fractional factorial techniques were
considered.

“]-he proposed test articles were three existing 22-ccII Nickel-Cadnliun~ batteries
available at J]’I,. “1’wo batteries were approximately nine years old and had been used
on the GRO and TOI’1;X/1’oscidon  missions as “test and integration” batteries. ‘J’hc
third battery was assembled with cells from four different manufacturing lots aflcr the
cells were cycled for several hundred cycles. l’bus, thct c was plenty product to
product noise.
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In setting up the “1’aguchi  clcsigned cxpclimcnt, the 5 above  dcscribcd  factors each at
four ICVCIS  were studied. A modified 1.16 orthogonal array was sclcctcd for this
cxpcrimcnt which allowed evaluation of the 5 factors at 4 lCVCIS  each. With each
experiment performed 60 times, the total duration of this experiment was rcduccd
from the initial 11.2 years to only 10 weeks.

llvcn though a significant signal factor was identified, duc to time and cost
constraints, a static robust design was performed. ‘1’hc macro modeling or P-diagram
approach is dcscribcd  in Figure  ~.

Noise Factors
- Various Ilattcry lots ofthc.  three batteries used

t

P-I)iagran~

&

t

Control J7ac!ors

Qw!ity  CMamisjic
- Char-gc  to IliscJlarge Ratio
- J;nd-of-Charge Voltage J)ivcrgcnce
- Maximum IIalfllattcry Voltage I)ivcrgcncc

- lin - initial J’eak Charge Current
- 1)01) - I)cpth-of-Ilischargc
- Tt,,,L)i, - Orbit 1.cngth
- VT - Charge Voltage I,cvel
- TI;MP. - Operating I’ernpcraturc

Figure 3. NiC:d Battery ID-diagram

‘1’hc setup of the cxpcrimcntation  and outlmt mcasurcmcnt is described in h’igurc 4.
‘1’hc A, 11 and C in l~ig. 4 arc the three batteries under cxpcrimcntation.  It is worth
mentioning that six outputs mcasurcmcnts or quality functions ranked in order of
importance were rccordcd (SCC l:igurc  4). AN OVA-’I’M  ]’rofcssional software
package was used to analyze the data, Signal-to-Noise analysis was performed for
“Nonlinal  the Best” signal evaluation. Sensitivity analysis was performed for all six
measurements and response graphs arc shown here for on] y three: Rcchargc  l~raction;
]ind of Charge IXvcrgcncc  and; Max 1 Ialf }Iattcry I)ivergcncc ( Scc l~igurc 5,6, and
7).
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Figure S. Signal tcJNoisc  Ratio for I{cc}~arge  Fractiorj
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Figure 6. Signal to Noise Ratio for End-of-Charge Divergence
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CON1:IRMA~’lON

l’hc operation optirnizition was performed against the first quality characteristic

“recharge fraction” with the other five factors being used only to influcncc  the factor
level selection for process average prediction. Cost was not considered in sc]ccting
the factor lCVCIS.

Suggested pararnctcrs  selection for best performance confirmation was as follows:

PARAMETERS

Peak charge (Amp)
1101) (~0~
“1’cnlp;ra;urc  (°C)
O r b i t  l>uration  –

(rnin)
v“l’/i.cvcl  –

—

.—.

I
VIHU1;ICATION

CON1)JI’1ONS——.  — ——. —
30— ——— .—. —.. .—— —.—
25——.  —

5— ———. ——.
120

‘J’hc projcctcd  S/N process average was 73.643 d~l. “1’hc mean was 1’= 54.083 dll, thus
with a delta incrcasc  of 19.56 dI1. Vcrific~tion  Comparison I)ata is shown in I~igurc 8:

.:~: A ‘i tki‘ZmaINITIAL

Figure 8. Verification Comparison Data

I:igurc 9 describes the voltage divcrgcncc  profile after applying Robust Design.
Comparing the profiles of I;igurc 1 and IJigurc 9 graphical rcprcscntation,  ~cforc and
after using Robust Design, the performance improvement was quite rcxnarkable  and
was evaluated at over 96°/0 irnprovcnlcnt.  ‘1’his performance more than cmnfirmcd the
projcctcd  improvement.
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Figure  9. Voltage Profile After Applying Robust  Design

V]. CONC1.USIONS

The cxccllent  results of the application of I’aguchi Methods of Robust Design has
already assisted the power subsystem and battery analysts experts in determining the
appropriate protocol for flight NiCd bat tcl y operation management for various current
and future missions.

Results obtained using the old way of pc~forming  battery operation management
were compared to the results obtained using Robust Design. Dy applying Taguchi
Methods, it was estimated that a cost savings of over 400?40 was obtained as well as
over 300°/0 experimentation time reduction, while improving battery voltage
performance over 960A.

This innovative application of Taguchi’s  Robust Design is viewed as a new
technology of applying this modern engineering design optimization technique to the
operational optimization of existing space flight battery in order to improve battery
life nominal performance and thus extend spacecraft life.

With the results obtain from this static robust design implementation, currently a
dynamic robust design is implemented using the llcpth-Of-Ilischarge  (DOD) and
Temperature as signal factors.


